Proteolytic shedding of cell surface proteins generates paracrine signals involved in numerous signaling pathways. Neuregulin 1 (NRG1) type III is involved in myelination of the peripheral nervous system, for which it requires proteolytic activation by proteases of the ADAM family and BACE1. These proteases are major therapeutic targets for the prevention of Alzheimer's disease because they are also involved in the proteolytic generation of the neurotoxic amyloid ␤-peptide. Identification and functional investigation of their physiological substrates is therefore of greatest importance in preventing unwanted side effects. Here we investigated proteolytic processing of NRG1 type III and demonstrate that the ectodomain can be cleaved by three different sheddases, namely ADAM10, ADAM17, and BACE1. Surprisingly, we not only found cleavage by ADAM10, ADAM17, and BACE1 C-terminal to the epidermal growth factor (EGF)-like domain, which is believed to play a pivotal role in signaling, but also additional cleavage sites for ADAM17 and BACE1 N-terminal to that domain. Proteolytic processing at N-and C-terminal sites of the EGF-like domain results in the secretion of this domain from NRG1 type III. The soluble EGF-like domain is functionally active and stimulates ErbB3 signaling in tissue culture assays. Moreover, the soluble EGF-like domain is capable of rescuing hypomyelination in a zebrafish mutant lacking BACE1. Our data suggest that NRG1 type IIIdependent myelination is not only controlled by membrane-retained NRG1 type III, but also in a paracrine manner via proteolytic liberation of the EGF-like domain.
Introduction
Protease signaling is an important cellular mechanism in health and disease, and sheddases often liberate membrane-bound substrates for paracrine signaling (Turk et al., 2012) . Sheddases are also involved in the generation of the Alzheimer's diseaseassociated amyloid ␤-peptide from the amyloid precursor protein (APP) (Lichtenthaler et al., 2011) . Production of amyloid ␤-peptide is initiated by the ␤-site APP-cleaving enzyme (BACE1 or ␤-secretase) (Haass, 2004) , which is therefore a promising drug target for the treatment of Alzheimer's disease (De Strooper et al., 2010) . Physiologically, BACE1 is required to process Neuregulin 1 (NRG1) type III, a key regulator of myelination in the peripheral nervous system (PNS; Hu et al., 2006; Willem et al., 2006; Brinkmann et al., 2008) . Therefore, understanding the precise function of BACE1 in NRG1 type III processing and signaling is crucial to avoid side effects upon therapeutic inhibition of BACE1. NRG1 is predominantly expressed in neurons and multiple variants are generated by alternative splicing. All NRG1 isoforms contain an epidermal growth factor (EGF)-like domain, which binds and activates ErbB receptor tyrosine kinases (Falls, 2003; Mei and Xiong, 2008) . Although most isoforms are single transmembrane domain (TMD) proteins, NRG1 type III contains two TMDs and forms a hairpin-like protein with the EGF-like domain in its extracellular loop (Fig. 1A; Wang et al., 2001) . knock-out mice exhibit severe hypomyelination and accumulation of uncleaved NRG1 type III, demonstrating that NRG1 type III is a natural BACE1 substrate (Hu et al., 2006; Willem et al., 2006) . NRG1-mediated signaling requires proteolytic processing and shedding in the stalk (juxtamembrane) region of NRG1 type I, and NRG1 type II releases the ectodomain as a paracrine signal. Conversely, shedding of NRG1 type III generates a membranetethered N-terminal fragment (NTF), which presents the EGFlike domain as juxtacrine signal (Falls, 2003) . Because BACE1 knock-out mice still show some degree of myelination, other proteases may compensate for the loss of BACE1 (Velanac et al., 2012) . Indeed, members of the ADAM (a disintegrin and metalloproteinase) family also cleave NRG1 (Montero et al., 2000; Shirakabe et al., 2001; Horiuchi et al., 2005; La Marca et al., 2011; Luo et al., 2011) , and the NRG1 type III NTF generated by ADAM10 activates ErbB receptors similar to the BACE1-processed fragment (Luo et al., 2011) .
Based on the finding that recombinant soluble NRG1 type III NTFs are sufficient for signaling in vitro (Syed et al., 2010) , we searched for a proteolytic pathway that would physiologically liberate a signaling-competent EGF-like domain from NRG1 type III. We found that the EGF-like domain of NRG1 type III is liberated by a dual BACE1 or ADAM17 cleavage. Moreover, the soluble EGF-like (sEGF) domain not only stimulates ErbB3 receptor phosphorylation, but also rescues hypomyelination in a bace1 mutant zebrafish.
Materials and Methods
cDNA constructs, primers, and lentivirus production. NRG1 type III ␤1a (GenBank: AF194438.1) cDNA was cloned into the pcDNA4-myc-HisA vector (Invitrogen) using EcoRI and XhoI restriction sites. For the construct V5-IIINRG1, a V5-tag (GKPIPNPLLGLDST) was inserted directly after M1 by fusion PCR. The V5-IIINRG1-HA construct was generated by introduction of an HA-tag (YPYDVPDYA) between V281 and M282. For the truncated construct NRG1⌬NT, the respective NRG1 type III sequence was subcloned into the pSecTag2A (Invitrogen) vector that features an N-terminal secretion signal. A suboptimal Furin cleavage site (RAVRSL) after the secretion signal sequence was optimized (RARRSV) by QuikChange mutagenesis (Stratagene) and a Flag-tag (DYKDDDDK) was inserted N-terminal of I236. The constructs ␣-and ␤-sEGF were generated by subcloning the respective sequences from V5-IIINRG1-HA into the modified pSecTag2A vector using the SfiI and XhoI restriction sites. BACE1 and ADAM10 expression constructs have been described previously (Capell et al., 2000; Wild-Bode et al., 2006) . The construct expressing ADAM17 was kindly provided by Dr. R.A. Black at Amgen and has been described previously (Black et al., 1997) . For expression in primary neurons, V5-IIINRG1-HA was cloned into a lentiviral expression vector AD149FhSynW2 under control of the human synapsin promoter using the NheI and EcoRI restriction sites. Lentiviral particles were produced in HEK293FT cells as described previously (Orozco et al., Figure 1 . BACE1, ADAM10, and ADAM17 cleave in the stalk region of NRG1 type III. A, Schematic representation of NRG1⌬NT. NRG1⌬NT comprises the EGF-like domain and the C terminus but lacks the N terminus of NRG1 type III. A Flag-tag was inserted immediately N-terminal of the EGF-like domain to facilitate immunoprecipitation for MS analysis. Shedding of NRG1⌬NT by BACE1, ADAM10, or ADAM17 releases an sEGF domain that was detected directly in the supernatant using an EGF antibody. NRG1⌬NT was detected in the cell lysate with a C-terminal antibody. CRD indicates cysteine-rich domain. B, BACE1 is shedding NRG1 type III in the stalk region. HEK293 cells transfected with NRG1⌬NT were treated with the specific BACE1 inhibitor IV (10 M) or cotransfected with BACE1. Note that, due to its rapid turnover, the CTF generated by shedding can only be detected upon ␥-secretase inhibition (data not shown). Expression of transfected and endogenous BACE1 was confirmed in cell lysates and isolated membranes (bottom). mat indicates mature; im, immature. Bar graph: Quantification of experiments (mean Ϯ SD; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, two-tailed unpaired Student's t test, inhibitor: n ϭ 5, overexpression: n ϭ 6). C, D, ADAM10 and ADAM17 contribute to the shedding of NRG1 type III in the stalk region. C, Cells expressing NRG1⌬NT were treated with the broad-spectrum ADAM inhibitor GM6001 (GM, 25 M). Coinhibition of ADAMs and BACE1 was achieved by combined treatment with GM and inhibitor IV (25 and 10 M, respectively). D, Coexpression of NRG1⌬NT with ADAM10 (A10) or ADAM17 (A17). Bar graphs in C, D: Quantification of experiments (mean Ϯ SD; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, two-tailed unpaired Student's t test, in C, n ϭ 5; in D, n ϭ 6). 2012). Briefly, HEK293FT cells were cotransfected with the lentiviral expression construct psPAX2 and pVSVg for 24 h. After another 24 h, supernatant was collected and virus particles were concentrated by ultracentrifugation and resuspended in neurobasal medium. The sequences of all constructs were verified by sequencing. Construct and oligonucleotide sequences are available upon request.
Stable cell lines, transfection, and inhibitor treatment. HEK293T cells (Invitrogen) and MCF-7 cells (Karey and Sirbasku, 1988) were cultured in DMEM with Glutamax (Invitrogen) supplemented with 10% fetal calf serum (Invitrogen). CHO ldlD cells deficient in O-linked glycosylation were a kind gift from Monty Krieger and have been described previously (Kingsley et al., 1986) . CHO wild-type (wt) and ldlD cells were cultured in DMEM with 10% fetal calf serum and nonessential amino acids. Transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The following inhibitors were dissolved in DMSO and used at the indicated final concentrations for 12-24 h: BACE1 inhibitor IV (5 or 10 M; Calbiochem); GM6001, a broad-spectrum inhibitor of matrix metalloproteinases and ADAMs (25 M; Enzo Life Sciences), the ADAM10-specific inhibitor GI254023X (5 M; a kind gift from Dr. Schmidt, Technical University of Darmstadt, described previously by Ludwig et al., 2005) , and the ADAM17-specific inhibitor GL 506 -3 (5 M; a kind gift from Galderma). O-linked glycosylation was blocked with benzyl-2-acetamido-2-deoxy-␣-D-galactopyranoside (4 mM; Merck).
Primary neuronal culture, transduction, and inhibitor treatment. Hippocampal neurons were prepared from embryonic day 18 SpragueDawley rat embryos as described previously (Orozco et al., 2012) and cultured in neurobasal medium (Invitrogen) supplemented with 2% B27 (Invitrogen), Pen/Strep, and 2 mM L-glutamine. After 4 d in vitro, cells were incubated with lentiviral particles for 8 h, and after 2 d, transduction inhibitor treatment was performed for 16 h. Supernatants and cells were collected and analyzed by immunoblotting.
Primary Schwann cell culture. Primary rat Schwann cells were prepared as described previously (Einheber et al., 1997) and proliferation was induced using high-glucose DMEM with Glutamax (Invitrogen), 10% FBS, 2 mM L-glutamine (Invitrogen), 2 M forskolin (Sigma-Aldrich), and 10 g/ml pituitary extract (Sigma-Aldrich). One day before the experiment, cells were washed twice with HBSS (Invitrogen) and proliferation was stopped by maintaining the cells in DMEM with Glutamax, 10% FBS, and 2 mM L-glutamine.
Antibodies. The following monoclonal neoepitope-specific antibodies were generated by immunization with the respective peptides: 4F10: rat, SFYKHLGIEF; 10E8: mouse, MEAEELYQKR; 7E6: mouse, QTAP-KLSTS. Hybridoma supernatants were used 1:40 for immunoblotting. The following antibodies were used for immunoblotting: antibody to NRG1 C terminus (pRb, 1:10000, SC348; Santa Cruz Biotechnology), to NRG1 EGF-like domain (HRG␤ pRb, 1:2000, Ab-2; Thermo Scientific ), to ␤-actin (1:5000; Sigma-Aldrich), to BACE1 (pRb, 1:1000, AB5940; Millipore), to ADAM17/TACE (pRb, 1:1000, ab39162; Abcam), to ADAM10 (pRb, 1:5000, 422751; Calbiochem), to Calnexin (pRb, 1:10000; Stressgen), to V5-tag (1:5000; Invitrogen), to HA-tag (HRPconjugated mRat, 1:2000, 3F10; Roche), to ErbB3 (pRb, 1:1000, sc-285, C-17; Santa Cruz Biotechnology), to p-ErbB3 (pRb, 1:1000, sc-135654, Tyr1328; Santa Cruz Biotechnology), to AKT (mRb, 1:4000, C67E7; Cell Signaling Technology), and to p-AKT (mRb, 1:3000, D9E XP Ser473; Cell Signaling Technology). Secondary antibodies were HRP-conjugated anti-mouse and anti-rabbit IgG (pGoat, 1:10000; Promega) or anti-rat IgG (pGoat, 1:4000, sc-2006; Santa Cruz Biotechnology) .
Sample preparation and immunoblotting. Medium was conditioned overnight, immediately cooled upon collection, and supplemented with protease inhibitor mixture (Sigma-Aldrich). Cell debris was removed by centrifugation (5 min, 5500 ϫ g, 4°C) and the supernatant was subjected directly to standard SDS-PAGE. For total cell lysates, cells were washed with ice-cold PBS, scraped off, and pelleted by centrifugation (5 min, 1000 ϫ g, 4°C). Cells were lysed in lysis buffer (20 mM citrate, pH 6.4, 1 mM EDTA, 1% Triton X-100) freshly supplemented with protease inhibitor mixture for 30 min on ice. After clarification (15 min, 10000 ϫ g, 4°C), protein concentration was determined with the BCA protein assay (Pierce) and equal amounts of protein were subjected to SDS-PAGE.
Proteins were transferred onto PVDF (Immobilon-P; Millipore) or nitrocellulose (Protran; Whatman) membranes and the indicated antibodies were used for immunodetection. Bound antibodies were detected with HRP-conjugated secondary antibodies using the chemiluminescence detection reagents ECL and ECL Plus (GE Healthcare). For quantification, images were acquired with a Luminescent Image Analyzer LAS-4000 (Fujifilm) and analyzed with the Multi Gauge V3.0 software.
siRNA-mediated knock-down and membrane preparation. For RNA interference, cells were plated in polylysine-coated dishes and reverse transfected with siGENOME pool targeting ADAM10 (10 nM; Thermo Scientific), ON-TARGETplus SMARTpool targeting ADAM17 (15 nM; Dharmacon) or respective controls using Lipofectamine 2000 (Invitrogen). Fresh medium was added 24 h after transfection and (if applicable) substrate cDNA was transfected 48 h after initial transfection. Medium was conditioned starting 68 h after siRNA transfection and cells were harvested 12-24 h later. For detection of endogenous BACE1, ADAM10 and ADAM17 cell membranes were prepared as described previously (Sastre et al., 2001) .
MS analysis after immunoprecipitation. Conditioned medium was prepared as described above and incubated with anti-Flag M2 or anti-HA (Sigma-Aldrich) agarose beads overnight (rotation, 4°C). Beads where washed three times with IP/MS buffer (0.1% N-octylglucoside, 10 mM Tris-HCl, pH 8.0, 5 mM EDTA, 140 mM NaCl) and two times with water. Immunoprecipitated proteins were eluted with trifluoroacetic acid/acetonitrile/water (0.3%/40%) saturated with ␣-cyano-4-hydroxycinnamic acid and matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) analysis was performed as described previously (Okochi et al., 2002) using Voyager DE STR (Applied Biosystems). Molecular masses were calibrated using the Sequazyme Peptide Mass Standards Kit (Applied Biosystems).
Preparation of sEGF domains and phosphorylation assays. sEGF domains were expressed in CHO wt and CHO ldlD cells and supernatants were conditioned for 24 h. After quantification of their initial abundance by Western blotting, medium from control cells was used to adjust the concentrations of the EGF-like domains in the supernatants by dilution. Equal concentrations were controlled by Western blotting again (and further adjustment was done if necessary) and the adjusted supernatants were used for phosphorylation assays. The assay was performed as follows: subconfluent MCF-7 or purified primary Schwann cells were incubated with conditioned media containing equal amounts of EGF-like domains for 30 min. Medium from cells expressing an empty vector was used as negative control and incubation with 0.5 nM recombinant NRG1 EGF-like domain (NRG1-␤1, 396-HB/CF; R&D Systems) served as a positive control. Cells were then washed with ice-cold PBS and lysates were prepared as described above using a modified RIPA buffer supplemented with phosphatase inhibitor mixture (PhosSTOP; Roche). Eventually, the phosphoprotein/total protein readout of the assay was normalized to the Western blot intensities of the EGF-like domains in the media used for stimulation.
Zebrafish maintenance and transgenic lines used. All zebrafish embryos were raised at 28°C in E3 media (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 ) and were staged as described previously (Kimmel et al., 1995) . To suppress the growth of mold, methylene blue (10 Ϫ5 %) was added to E3 media. Animals of either sex were used for this study. All experiments were performed in accordance with animal protection standards of the Ludwig-Maximilians University Munich and have been approved by the government of Upper Bavaria (Regierung von Oberbayern, München, Germany). In addition to the AB wt strain, a transgenic zebrafish line, Tg(claudin k:GFP) in which the claudin k promoter drives expression of a membrane-bound GFP (Münzel et al., 2012) , was also used. This transgenic line is hereafter referred to as claudin k:GFP. Furthermore, a newly generated bace1 mutant (van Bebber et al., 2013) was crossed to claudin k:GFP, and bace1 homozygous mutants carrying the claudin k:GFP were used to analyze the activity of NRG1 type III-derived ␤-sEGF in vivo.
mRNA injections and image acquisition. ␤-sEGF mRNA was synthesized in vitro using the mMessage mMACHINE kit (Ambion) according to standard protocols. ␤-sEGF mRNA was injected at a concentration of 425 ng/l in fertilized eggs at the one-cell stage. Zebrafish larvae were Figure 1B were immunoprecipitated with Flag-agarose beads and precipitated sEGF peptides were analyzed by MALDI-TOF MS. The peptide corresponding to a cleavage after F293 is generated by BACE1 (red arrow). Note that with overexpression of BACE1, the other peaks are below detection limit. B, C, ADAM10 and ADAM17 shed NRG1 type III after A283, F285, and Y286. Cells expressing NRG1⌬NT were either treated with indicated inhibitors (GM6001, 25 M; GI254023X and GL506 -3, 5 M) or cotransfected with indicated proteases and supernatants were analyzed as in A. ADAM-specific peaks were compared with the peak caused by BACE1 in each spectrum. Broad-spectrum ADAM inhibition (GM6001) reduced cleavage at all ADAM cleavage sites. Inhibition and overexpression of ADAM10 revealed its main cleavage sites to be after Y286 and F285 (light blue and blue arrows, respectively). Conversely, ADAM17 cleaved NRG1⌬NT mainly after A283 (Figure legend continues.) anesthetized with tricaine (0.016% w/v) at 3 d postfertilization (dpf) and oriented in 3% methylcellulose on coverslips. Fluorescence of claudin k:GFP was imaged with an LSM510 META inverted confocal microscope (Zeiss). Pictures were assembled in Photoshop 8.0 (Adobe Systems). Brightness and contrast were adjusted with ImageJ.
Results
Juxtamembrane cleavage of NRG1 type III by ADAM10, ADAM17, and BACE1 To investigate NRG1 type III processing in living cells, we generated a truncated Flag-tagged NRG1 type III construct comprising the C-terminal region, the transmembrane domain, the juxtamembrane region, and the EGF-like domain (NRG1⌬NT; Fig.  1A ). Expression of the truncated protein not only facilitates the analysis of proteolytic processing within living cells, but also allows the determination of potential cleavage sites by MS. We coexpressed three different sheddases suggested to be involved in NRG1 type III processing, BACE1, ADAM10, and ADAM17 (Montero et al., 2000; Hu et al., 2006; Willem et al., 2006; La Marca et al., 2011; Luo et al., 2011) , or repressed their endogenous activities with inhibitors. Inhibition of endogenous BACE1 (by the BACE1 inhibitor IV) resulted in reduced liberation of the EGF-like domain into the supernatant (Fig. 1B) . Conversely, ectopic BACE1 expression strongly enhanced shedding reflected by significantly increased amounts of the sEGF domain in the supernatant and reduced substrate levels in the cell lysate (Fig. 1B) . Due to its rapid turnover by the ␥-secretase (Bao et al., 2003 (Bao et al., , 2004 , the C-terminal fragment (CTF) resulting from shedding could only be detected upon ␥-secretase inhibition (data not shown).
We then investigated whether both ADAM10 and ADAM17 were also able to cleave NRG1⌬NT. The broad-spectrum ADAM inhibitor GM6001 significantly reduced the amount of sEGF detected in the supernatant. Combined inhibition of BACE1 and ADAMs by treatment with both inhibitor IV and GM6001 almost completely abolished endogenous shedding activity, as reflected by strongly reduced amounts of sEGF in the supernatant and the accumulation of NRG1⌬NT substrate within the cell lysate (Fig.  1C) . Consistent with these findings, ectopic expression of either ADAM10 or ADAM17 resulted in enhanced shedding of NRG1⌬NT and subsequent sEGF accumulation in the conditioned media (Fig. 1D ). These results suggest that BACE1, ADAM10, and ADAM17 are able to cleave NRG1 type III between the extracellular EGF-like domain and the C-terminal transmembrane domain.
Identification of BACE1, ADAM10, and ADAM17 cleavage sites within the juxtamembrane region of NRG1 type III To map the cleavage sites of the respective proteases, we immunoprecipitated the sEGF domain from the supernatants of NRG1⌬NT-expressing HEK293 cells using antibodies to the Flag epitope (Fig. 1A) . Isolated peptides were analyzed using MALDI-TOF MS. Mass spectra derived from the supernatant of control cells revealed four prominent peptide species corresponding to cleavages after A283, F285, Y286, and F293 (Fig. 2 A, G) . To identify the specific cleavage sites of the three sheddases shown to be involved in processing of NRG1⌬NT, we inhibited their endogenous activities with selective inhibitors or enhanced their cleavage by overexpression of the corresponding protease. This revealed that the peptide peak at 7846.8 kDa corresponding to a cleavage site after F293 was strongly reduced upon inhibition of endogenous BACE1 ( Fig. 2A) . Conversely, production of the same peptide was greatly enhanced to the expense of all other cleavage products upon BACE1 overexpression ( Fig. 2A) , indicating competing shedding activities.
Similarly, we analyzed the secreted EGF-like domains upon overexpression or inhibition of ADAM proteases. Inhibition of ADAMs with the broad-spectrum ADAM inhibitor GM6001 decreased the abundance of the three peptides A283, F285, and Y286 compared with the peptide generated by BACE1, suggesting that these peptides are indeed generated by protease activities associated with members of the ADAM family (Fig. 2 B, F ) . To identify the cleavage sites of ADAM10 and ADAM17, we used inhibitors that preferentially inhibit either ADAM10 (GI254023X) or ADAM17 (GL506 -3). Inhibition of ADAM10 reduced the intensity of peaks corresponding to cleavages after F285 and Y286 but increased cleavage after A283. Conversely, blocking ADAM17 resulted in reduced cleavage after A283 (and, to a minor extent, after F285), whereas cleavage after Y286 remained unaffected (Fig. 2 B, F ) . Consistent with these findings, overexpression of either protease caused increased cleavage after the sites affected by their respective inhibitors (Fig. 2C,F ) . Therefore, ADAM10 expression leads to enhanced cleavage after residues F285 and Y286, whereas expression of ADAM17 increases cleavage after residues A283 and F285 (Fig. 2C) .
To verify these cleavage sites under endogenous conditions, we knocked down ADAM10 and ADAM17 in HEK293 cells expressing NRG1⌬NT. The siRNA pools efficiently reduced the protein levels of ADAM10 and ADAM17 (Fig. 2D) . As before, sEGF peptides were isolated from the conditioned medium and analyzed by MALDI-TOF MS (Fig. 2E) . Knock-down of ADAM10 dramatically reduced cleavage after Y286 and F285, whereas cleavage after A283 was unaffected. Conversely, reduction of ADAM17 strongly impaired cleavage after A283 and reduced cleavage after F285 to some extent, whereas cleavage after Y286 was not affected (Fig. 2 E, F ) . These findings suggest that BACE1 specifically cleaves NRG1 type III after F293, whereas ADAM17 cleaves after A283 and, to some extent, also after F285. ADAM10 processes NRG1 type III after Y286, but also shares the minor cleavage site after F285 with ADAM 17 (Fig. 2H ) .
Processing of NRG1 type III liberates the EGF-like domain
Shedding is thought to activate NRG1 type III by generating a membrane-tethered NTF comprising the EGF-like domain (Falls, 2003; Fig. 3A) . However, we hypothesized that the resulting NTF may even be further processed by sheddases to liberate an sEGF domain (Fig. 3A) . To examine this possibility, we expressed full-length NRG1 type III with an N-terminal V5-tag (V5-IIINRG1) in HEK293 cells and coexpressed BACE1, 4 (Figure legend continued.) (purple arrows). D, E, Knock-down of ADAM10 and ADAM17 confirms shedding sites. Cells expressing NRG1⌬NT were transfected with siRNA (10 nM) against ADAM10 (siA10) or ADAM17 (siA17) and a nontargeting siRNA as a control (siCtrl). D, Western blot analysis of membrane preparations confirmed efficient downregulation of both the immature (im) and mature (mat) form of ADAM10 and ADAM17. E, sEGF peptides were isolated from the supernatant and analyzed as in B. F, Summary of MS data for ADAM10 and ADAM17 cleavage after A283, F285, and Y286. Peak intensities (areas) of ADAM-specific peaks were normalized to the signal generated by BACE1 in each spectrum (mean Ϯ SD; n ϭ 3). The normalized peak intensities then were compared with the respective controls. Changes of cleavage (fold) under different conditions (inhibition, overexpression, and knock-down of ADAM10 and ADAM17) are summarized as follows: increased: Ͼ1.6ϫ (1, big arrows), mildly increased: 1.5-1.2ϫ (1, small arrows) unchanged: 1.1-0.9ϫ (3), mildly decreased: 0.8 -0.5ϫ (2, small arrows), or decreased: Ͻ0.4ϫ (2, big arrows). G, List of peptides identified by MS. Peptide sequences with corresponding protease(s) are given and observed (Obs.) peptide masses are compared with calculated (Calc.) masses. Italic letters indicate Flag-tag; [MϩH] ϩ , a singly charged peptide. H, Graphic representation of shedding sites in the stalk region of NRG1 type III. Cleavage sites of BACE1, ADAM10, and ADAM17 are shown and preferred cleavage positions of ADAM10 and ADAM17 are indicated by longer arrows, respectively. (␣-and ␤-sEGF) . Glycosylation N-terminal of the EGF-like domain is indicated. B, Processing of NRG1 type III generates both a membrane-tethered and an sEGF domain. V5-IIINRG1 was coexpressed with BACE1 (B1), ADAM17 (A17), and ADAM10 (A10), and membrane-tethered fragments were detected in the cell lysate by Western blotting. Due to the different shedding sites in the stalk region of NRG1 type III, the CTFs generated by BACE1 and ADAMs differ in size (␤-CTF and ␣-CTF, respectively). The observed NTFs contained the EGF-like domain, as confirmed by reprobing of the membrane with (Figure legend continues.) ADAM10, or ADAM17 (Fig. 3B) . Expression of either protease was controlled as before ( Fig. 1) and comparable amounts were observed (data not shown). Full-length V5-IIINRG1 was detected as multiple bands, suggesting intensive posttranslational modification such as glycosylation (Fig. 3B) . Decreased fulllength protein was present in the lysate upon coexpression of either protease. This was most apparent when BACE1 was overexpressed (Fig. 3B) . The CTF generated upon BACE1 overexpression (␤-CTF) migrated slightly faster than the CTFs generated by either ADAM (␣-CTF; Fig. 3B ). This is consistent with the BACE1 cleavage site being closer to the transmembrane domain than the cleavage sites identified for ADAM10 and ADAM17 (Fig.  2H ) . We also analyzed the cell lysate for the NTF generated upon shedding of NRG1 type III. Detection with an antibody against the N-terminal V5-tag and reprobing with an anti-EGF antibody confirmed that the observed NTF still contained the EGF-like domain (Fig. 3B, dashed box) .
Enhanced proteolytic cleavage of the full-length V5-IIINRG1 should lead to the accumulation of the NTF as cleavage product. However, we did not detect higher amounts of NTF in cells coexpressing one of the three sheddases, but rather observed reduced NTF levels especially upon BACE1 or ADAM17 coexpression (Fig. 3B ). Because this may be indicative of further NTF processing by these proteases, we analyzed the supernatants for soluble peptides liberated from the membrane-bound NTF. Both BACE1 and ADAM17 were found to liberate sEGF domains of different sizes (␤-sEGF and ␣-sEGF) into the medium (Fig. 3B) . Moreover, processing of V5-IIINRG1 by endogenous proteases also resulted in the secretion of a ␤-sEGF, albeit to a much smaller extent (Fig. 3B, long exposure) . ␤-sEGF, but not ␣-sEGF, migrated as a double band, suggesting posttranslational modifications (Fig. 3B) . A serine/threonine-rich stretch, which may be a site for O-linked glycosylation, is located close to the N terminus of the EGF-like domain (Fig. 3A) . We treated cells expressing V5-IIINRG1 and BACE1 with benzyl-2-acetamido-2-deoxy-␣-D-galactopyranoside, a specific blocker of O-linked glycosylation. Western blot analysis of supernatants using an antibody against the EGF-like domain revealed that inhibition of O-glycosylation abolished formation of the higher-molecular-weight band and caused ␤-sEGF to appear as a single peptide (Fig. 3C) . This demonstrates that, in contrast to ␣-sEGF, ␤-sEGF is subject to O-linked glycosylation.
A second BACE1 and ADAM17 cleavage N-terminal of the EGF-like domain The results described above suggest that the EGF-like domain is released by cleavages that occur both N-terminal and C-terminal of the EGF-like domain. To identify the putative cleavage site(s), we used a combined immunoprecipitation/MALDI-TOF MS approach. An HA-tag was inserted immediately after the EGFlike domain to enable immunoprecipitation. This construct (V5-IIINRG1-HA; Fig. 3D ) was transiently expressed in HEK293 cells with and without BACE1, ADAM10, or ADAM17. Western blot analysis of lysates and supernatants confirmed the generation of membrane-tethered and soluble fragments from this construct in a similar fashion to the untagged construct (data not shown). MS analysis of peptides secreted from cells expressing V5-IIINRG1-HA yielded one major peak at 8558.9 kDa (Fig.  3D) . This corresponds to a peptide (␤-sEGF 68 ) having Q218 as an N-terminal residue and F285 as a C-terminal residue (Fig. 3E) . Although the C terminus is the result of endogenous ADAMmediated shedding in the stalk region after F285 (Fig. 2H ) , the N terminus results from a novel cleavage after L217, 16 residues N-terminal of the EGF-like domain. Inhibition of endogenous BACE1 activity with the specific inhibitor IV abolished generation of the peptide, suggesting BACE1-mediated processing after L217 (Fig. 3D, inset) . Strikingly, this novel cleavage site (ETNL͉QTAP) resembles that of the Swedish mutation of APP (EVNL͉DAEF), which strongly increases BACE1-mediated processing (Citron et al., 1992 (Citron et al., , 1995 Cai et al., 1993) . Consistent with this, coexpression of BACE1 strongly enhanced cleavage at this novel site and, in agreement with the shedding data shown above (Fig. 2H ) , produced a slightly larger peptide (␤-sEGF 76 ) ending with the BACE1 shedding site F293 at its C terminus (Fig.  3 D, E) .
Expression of ADAM17 liberated a shorter sEGF from V5-IIINRG1-HA beginning with L235 and ending after either A283 or F285, respectively (␣-sEGF 49 and 51 ; Fig. 3 D, E) . This is consistent with the data obtained for ADAM17-mediated processing of NRG1-⌬NT (Fig. 2H ) . The newly identified ADAM17 cleavage site after H234 is located immediately N-terminal of the EGFlike domain and is therefore responsible for the observed size difference of ␣-sEGF and ␤-sEGF (Fig. 3F ). Cleavage at this site excludes the serine/threonine-rich stretch from ␣-sEGF and explains why, in contrast to ␤-sEGF, ␣-sEGF is not subject to O-linked glycosylation (Fig. 3 B, C,F ) . These findings demonstrate that BACE1 and ADAM17, but not ADAM10, are capable of liberating the EGF-like domain from NRG1 type III by dual cleavage (Fig. 3A) .
Membrane-bound and soluble fragments of NRG1 type III are detected by neo-epitope-specific antibodies to BACE1 cleavage sites To further validate and facilitate detection of NRG1 type III fragments, we generated neo-epitope-specific antibodies against the above identified cleavage sites. Monoclonal antibodies 10E8 and 4F10 were raised against the neo-epitopes generated by BACE1-mediated shedding in the stalk region (epitopes M 294 EAEELYQKR and SFYKHLGIEF 293 , respectively). An additional antibody was raised against the novel BACE1 cleavage site N-terminal of the EGF-like domain (7E6, epitope Q 218 TAPKLSTS; Fig. 4A ). We then investigated whether these antibodies are suitable as sensitive tools for the 4 (Figure legend continued. ) an EGF antibody (dashed box). Analysis of the supernatants revealed that BACE1 and ADAM17 liberate sEGF domains of different sizes (␤-sEGF and ␣-sEGF, respectively). The diamonds denote posttranslational modification. C, The ␤-sEGF is subject to O-linked glycosylation. Cells expressing V5-IIINRG1 and BACE1 were treated or not with a blocker of O-glycosylation (benzyl-2-acetamido-2-deoxy-␣-D-galactopyranoside, BG, 4 mM). Soluble ␤-sEGF was detected with an antibody against the EGF-like domain. The diamond denotes O-linked glycosylation. D, Cleavage of NRG1 type III NTF before Q218 by BACE1 and before L235 by ADAM17 liberates the EGF-like domain. For immunoprecipitation, an HA-tag was inserted immediately after the EGF-like domain into the construct shown in A. To determine the exact cleavage sites, fragments were isolated from supernatants by IP with HA agarose and analyzed by MALDI-TOF MS. BACE1 liberated a fragment comprising residues Q218-F293, whereas ADAM17 generated smaller fragments containing residues L235-F285 and L235-A283. Processing by endogenous proteases or by coexpressed ADAM10 caused low level secretion of a fragment with a BACE1-cleaved N terminus and an ADAM-cleaved C terminus (Q218-F285). Inhibition of BACE1 (BACE1 inhibitor IV, 10 M) abolished secretion of the EGF-like domain completely (inset in second panel). E, List of peptides identified by MS. Peptide sequences (without residues of the EGF-like domain) and corresponding proteases are listed. Observed masses (Obs.) are compared with calculated (Calc.) masses. Peptide numbers indicate number of residues comprised by each peptide (excluding the HA-tag). [MϩH] ϩ indicates singly charged peptide; [Mϩ2H] 2ϩ , a doubly charged peptide; italic letters, HA-tag. F, Graphic representation of BACE1 and ADAM17 cleavage sites N-terminal of the EGF-like domain. Cleavage sites and the serine/threonine-rich region where O-linked glycosylation occurs are indicated.
detection of the different processing products generated by BACE1, ADAM10, and ADAM17.
In cell lysates of HEK293 cells coexpressing NRG1 type III and either protease, antibody 4F10 selectively detected NTFs generated by BACE1-but not ADAM-mediated shedding (Fig. 4B) . Upon coexpression of BACE1, the 7E6 antibody detected the CTF (comprising the EGF-like domain) resulting from BACE1 cleavage after L216 (Fig. 4B) . This indicates that, upon elevated BACE1 expression, cleavage may first occur N-terminal of the EGF-like domain. Antibody 10E8 confirmed the generation of the ␤-CTF upon shedding of NRG1 type III by BACE1, but not by ADAMs (Fig. 4B) . Being specific for the BACE1-generated neo-epitopes, the antibodies did not recognize the full-length NRG1 type III.
Western blot analysis of supernatants with antibodies 7E6 and 4F10 (specific to the BACE1 cleaved N and C terminus of the EGF-like domain, respectively) revealed robust amounts of soluble ␤-sEGF 76 upon expression of BACE1 (Fig. 4C, lanes 4 and 5) . As determined by MS (Fig. 3D, E) , endogenous protease activity in HEK293 cells generates ␤-sEGF 68 through ADAM10-mediated (C-terminal) shedding and BACE1-mediated (N-terminal) cleavage. Consistent with this, we detected low amounts of ␤-sEGF 68 with the 7E6 antibody (Fig. 4C,  lanes 2 and 3, arrow) , whereas the 4F10 antibody did not recognize this fragment due to the absence of a BACE1-generated C-terminal epitope. Accordingly, enhanced shedding by ectopic expression of ADAM10 further increased the amounts of ␤-sEGF 68 in the supernatant (Fig. 4C , compare lanes 8 and 9 with lanes 2 and 3). ADAM17-mediated cleavage N-and C-terminal of the EGF-like domain releases ␣-sEGF 49 (Fig.  3D,E) , which does not contain the epitopes recognized by 7E6 or 4F10 (Fig. 4A) . Consistent with that, overexpression of ADAM17 prevented endogenous formation of ␤-sEGF 68 , and no 7E6 signal is observed in lanes 6 and 7 in Figure 4C . Therefore, the neo-epitope-specific antibodies are sensitive and selective tools for the investigation of NRG1 type III processing, and their specific immunoreactivity with defined processing products confirms the cleavage sites described above.
Dual cleavage of NRG1 type III in primary neurons releases the EGFlike domain
The neo-epitope-specific antibodies characterized in Figure 4 were used to investigate proteolytic processing of NRG1 type III in primary hippocampal neurons. To allow detection of NRG1 proteolytic fragments in neurons, we expressed V5-IIINRG1-HA using lentiviral transduction and studied its processing by endogenous secretases (Fig. 5) . As revealed by Western blot analysis of lysates, shedding of V5-IIINRG1-HA in neurons generated a CTF and an NTF containing the EGF-like domain (Fig. 5A) . Inhibition of BACE1 activity (by the BACE inhibitor IV) decreased the overall turnover of the full-length protein, as shown by the accumulation of the full-length precursor and decreased generation of the CTF. This was amplified by concomitant inhibition of ADAM proteases (by IV ϩ GM6001), supporting the idea that BACE1 and ADMAs can compete for shedding in the stalk region of NRG1 type III under physiological conditions. CTFs and NTFs resulting from BACE1 shedding only were specifically detected with antibodies 10E8 and 4F10 and their generation was completely abolished upon inhibition of BACE1. Using antibody 7E6 for immunodetection, we did not observe a CTF containing the EGF-like domain (CTFϩEGF; Fig. 4B ) that would be generated by a single BACE1 cleavage of NRG1 type III after L216 Figure 4 . Monoclonal antibodies generated against BACE1 cleavage sites in NRG1 type III detect membrane-bound and soluble fragments. A, Scheme summarizing identified cleavage sites in NRG1 type III. Cleavage sites of respective proteases are marked by arrows and ␣-sEGF and ␤-sEGF and ␣-CTF and ␤-CTF are indicated. Epitopes of the generated antibodies and the site of glycosylation are shown. B, Membrane-tethered NRG1 type III fragments are recognized by antibodies raised against BACE1 cleavage sites. Total lysates of cells expressing untagged NRG1 type III and BACE1 (B1), ADAM17 (A17), or ADAM10 (A10) were analyzed by Western blotting. BACE1-cleaved fragments were detected with the indicated antibodies. C, Antibodies 7E6 and 4F10 recognize ␤-sEGF. Media from B were analyzed by Western blot. The N terminus of ␤-sEGF was detected using 7E6 and the C terminus was detected with 4F10. Note that in the case of endogenous processing or ADAM10 overexpression, the ␤-sEGF is liberated by N-terminal BACE1 cleavage (7E6 signal in lanes 2 and 3 and lanes 8 and 9, indicated by an arrow) but not C-terminal BACE1 shedding (no 4F10 signal in lanes 2 and 3 and lanes 8 and 9). Overexpression of ADAM17 prevents formation of ␤-sEGF (no signals for either antibody in lanes 6 and 7). Diamonds indicate glycosylation. Asterisks indicate unspecific background bands that are also present in the untransfected control (lane 1).
(data not shown). This is consistent with the concept that, physiologically, the EGF-like domain of NRG1 type III is tethered to the membrane via its NTF (Taveggia et al., 2005) . As observed in nonneuronal cells (Fig. 3) , additional N-terminal cleavages release the EGF-like domain into the supernatant (␤-sEGF and ␣-sEGF, respectively; Fig. 5A ). Blocking BACE1 activity selectively prevented generation of the slightly larger ␤-sEGF, whereas the shorter ␣-sEGF was abolished upon ADAM inhibition. Reprobing of the membrane with the 7E6 antibody (Fig. 5A) revealed that the ␤-sEGF contains a BACE1-generated N terminus. We then performed immunoprecipitations from supernatants of neurons expressing V5-IIINRG1-HA using the neo-epitope-specific antibodies 7E6 and 4F10 (Fig. 5B) . With both antibodies, the slightly larger ␤-sEGF, but not the smaller ␣-sEGF (lower band in upper panel of Fig. 5B ), was detected, further confirming the identified BACE1 cleavage sites.
These findings demonstrate that processing of NRG1 type III by endogenous BACE1 and ADAM proteases in primary neurons results in the release of the EGF-like domain as ␤-sEGF and ␣-sEGF.
␣-sEGF and ␤-sEGF activate ErbB3 receptors in a paracrine fashion Myelination in the PNS is proposed to be regulated through the juxtacrine activation of ErbB receptors on Schwann cells by the NRG1 type III NTF-tethered EGF-like domain on axonal membranes (Wang et al., 2001; . In particular, stimulation of ErbB3 receptor phosphorylation and subsequent activation of the downstream PI3 kinase signaling pathway has been shown to promote PNS myelination (Newbern and Birchmeier, 2010). Because we were able to show that the EGF-like domain of NRG1 type III is liberated by BACE1 and ADAM17, we also investigated whether these small, sEGF domains were functional and if they could signal through ErbB3 receptors in a paracrine fashion. We expressed ␣-sEGF and ␤-sEGF in CHO wt cells and collected conditioned media (Fig.  6A) . MCF-7 cells that express the ErbB3 receptor and are known to allow monitoring of NRG1 signaling via ErbB3 (Luo et al., 2011) were then incubated with the conditioned media containing equal concentrations of ␣-sEGF or ␤-sEGF or with supernatants from cells transfected with an empty vector. The ability of the sEGF domains to activate ErbB3 receptors and initiate PI3 kinase downstream signaling was monitored via phosphorylation of ErbB3 and AKT. Stimulation with 0.5 nM recombinant NRG1 EGF-like domain served as a positive control. Western blot analysis of total and phosphorylated levels of ErbB3 and AKT confirmed robust activation of both receptor and downstream signaling pathway upon stimulation with ␣-sEGF and ␤-sEGF (Fig. 6B, left) . No significant differences between ␣-sEGF and ␤-sEGF in ErbB3 and AKT activation were observed (Fig. 6C) .
In contrast to the smaller ␣-sEGF, ␤-sEGF contains a serine/ threonine-rich sequence that can be O-glycosylated (Fig. 3C) . To determine whether this difference in glycosylation affects activation of ErbB3 and AKT signaling we expressed ␣-sEGF and ␤-sEGF in CHO ldlD cells (Kingsley et al., 1986) , which are deficient in O-linked glycosylation (Fig. 6A) . Treatment of MCF-7 cells with conditioned media containing ␣-sEGF or nonglycosylated ␤-sEGF again stimulated activation of ErbB3 and AKT signaling in a very similar way ( Fig. 6B, right; C) . This suggests that O-linked glycosylation does not significantly alter the ability of ␤-sEGF to activate and signal through ErbB3 receptors.
Schwann cells are the recipient cells of NRG1 type III-mediated signaling during PNS myelination. Therefore, we repeated the experiments described above and incubated purified rat primary Schwann cells with ␣-sEGF and ␤-sEGF. Western blot analysis of phosphorylated ErbB3 and AKT levels in these cells confirmed our previous results. No difference in the activation of ErbB3 and AKT was observed upon stimulation with either ␣-sEGF or glycosylated or nonglycosylated ␤-sEGF (Fig. 6D) .
These findings are in conflict with a recent study claiming an inhibitory effect of ADAM17-processed NRG1 type III on PNS Figure 5 . Cleavage of NRG1 type III in primary neurons releases the EGF-like domain. A, Processing of NRG1 type III in primary neurons generates both a membrane-tethered and an sEGF domain. V5-IIINRG1-HA was expressed in primary hippocampal neurons and cells were treated with indicated inhibitors (BACE1 inhibitor IV, 5 M; ADAM inhibitor GM6001, 25 M) for 16 h. Cells were lysed, conditioned supernatants were immunoprecipitated with HA-agarose beads, and protein levels were determined by immunoblotting with indicated antibodies. ␤-CTFs and NTFs generated by BACE1 cleavage were specifically detected by antibodies 10E8 and 4F10, respectively. Additional cleavages N-terminal of the EGF-like domain by BACE1 and ADAMs liberated ␤-sEGF and ␣-sEGF into the supernatant, respectively. B, BACE1 cleavage Nand C-terminal of the EGF-like domain liberates ␤-sEGF from neurons. Supernatants from neurons as described in A were immunoprecipitated with antibodies against the HA-tag or previously identified BACE1 cleavage sites (7E6 and 4F10). Purified peptides were detected using an ␣-EGF antibody.
myelination (La Marca et al., 2011) . In this study, a slightly different ADAM17 cleavage site (G290) was identified. Moreover, although a recombinant NRG1 EGF-like domain cleaved by BACE1 induced AKT signaling in Schwann cells, an ADAM17-cleaved fragment failed to do so. We therefore investigated whether the different cleavage sites found for ADAM17 (G290 and A283) may explain the discrepancy in signaling of ADAM17-and BACE1-generated sEGF. We constructed sEGF domains that only differ in their very C-terminal residues. ␤-sEGF-F was designed to end with F293, simulating BACE1 processing, whereas ␤-sEGF-G terminates at G290, mimicking the ADAM17 cleavage site proposed by La Marca et al. (2011) . Conditioned media containing similar amounts of the peptides (Fig. 7A) were then used to stimulate MCF-7 (Fig. 7 B, C) and rat primary Schwann cells (Fig. 7D) as before. No difference in ErbB3 activation or induction of downstream AKT signaling in these cells was observed upon stimulation with ␤-sEGF-F or ␤-sEGF-G.
These findings demonstrate that sEGF domains generated from NRG1 type III by BACE1 and ADAM17 are biologically active and signal through ErbB3 receptors on Schwann cells in a paracrine manner.
␤-sEGF promotes PNS myelination in vivo
We also investigated whether the sEGF domain possesses signaling activity in vivo. We expressed the BACE1-derived ␤-sEGF in homozygous mutant bace1 (bace1 Bebber et al., 2013) and investigated whether the ␤-sEGF could compensate for the lack of BACE1-mediated NRG1 type III processing. To visualize myelination in vivo, we generated bace1 Ϫ / Ϫ mutants expressing GFP under the control of the claudin k promoter, which labels Schwann cells and oligodendrocytes (Fig. 8 A, Münzel et al., 2012) . Phenotypically, bace1 homozygous zebrafish mutants become distinguishable from their wt siblings at 3 dpf due to severely reduced Schwann cell myelination (Fig.  8 A, B) . Myelination of lateral line axons by Schwann cells in the PNS is severely impaired, whereas myelination of Mauthner axons by oligodendrocytes in the CNS is unaffected (Fig. 8 A, B) . The observed selective hypomyelination in the PNS of bace1 Ϫ / Ϫ zebrafish is consistent with the reduced myelination of BACE1 knock-out mice (Willem et al., 2006) . To determine whether paracrine signaling could stimulate myelination, bace1 Ϫ / Ϫ zebrafish carrying the claudin k:GFP transgene were injected with ␤-sEGF mRNA and analyzed at 3 dpf for rescued myelination. In 24 of 63 bace1 Ϫ / Ϫ zebrafish, hypomyelination in the PNS was partially rescued upon expression of ␤-sEGF (Fig. 8 B, C) .
Finally, we used our zebrafish model to further test in vivo whether the C terminus of the EGF-like domain generated by ADAM17 cleavage abolishes its signaling capacity, as observed by La Marca et al. (2011) . We injected mRNA encoding a NRG1 type III EGF-like domain terminating at either G290 (␤-sEGF-G; La Marca et al., 2011) or A283 (␤-sEGF-A; this study) into bace1
zebrafish. Both mRNAs partially rescued the PNS hypomyelina- Ϫ / Ϫ mutants myelination of the Mauthner axons (dotted arrows) is not affected, whereas myelination of the lateral line axons is severely reduced to absent (arrows in other panels). Bottom: Upon injection of ␤-sEGF mRNA, bace1 Ϫ / Ϫ mutants display a partial rescue of hypomyelination in the PNS. Scale bar, 100 m. C, sEGF domains generated by ADAM17-mediated shedding of NRG1 type III also promote PNS myelination. In addition to ␤-sEGF (B), ␤-sEGF constructs with C termini mimicking ADAM17 mediated shedding (␤-sEGF-G 290 and ␤-sEGF-A 283 ; see Results for details) were injected into bace1 Ϫ / Ϫ mutant zebrafish. Regardless of their very C-terminal residues, all constructs partially rescued the hypomyelination phenotype.
tion, similar to the rescue observed with ␤-sEGF (Fig. 8C ). Although it is not possible to compare quantitatively the extent of the rescue effects, the results nevertheless provide strong evidence that the ADAM17-cleaved C terminus of the EGF-like domain does not abolish its signaling ability, as was claimed previously (La Marca et al., 2011) .
In conclusion, our findings demonstrate that the sEGF domain of NRG1 type III liberated by N-terminal BACE1 cleavage promotes PNS myelination in vivo.
Discussion
Release of growth factors by proteolytic processing has emerged as an important regulator of many signaling pathways. For example, shedding particularly regulates signaling of ErbB receptor ligands (Sanderson et al., 2006) . Sheddases either generate signaling-competent, membrane-retained proteins or release ectodomains that subsequently signal in a paracrine manner. At the same time, ectodomain shortening also triggers intramembrane cleavage of the remaining membrane fragments by intramembrane-cleaving proteases, releasing the substrate's intracellular domains into the cytosol, which may then act as transcription factors (Blobel et al., 2009; Lal and Caplan, 2011) .
NRG1 type III is subject to such processing, which is also called regulated intramembrane proteolysis (Brown et al., 2000) . Shedding in its stalk region activates NRG1 type III by generating a membrane-anchored NTF that presents the EGF-like domain to the luminal space and signals to ErbB receptors in a juxtacrine/ contact-dependent manner (Falls, 2003; Taveggia et al., 2005) . In addition, the resulting NRG1 CTF is cleaved by the ␥-secretase and regulates transcription in neurons (Bao et al., 2003 (Bao et al., , 2004 Chen et al., 2010) . Analysis of knock-out mouse models established BACE1 and ADAM17 as important NRG1 type III sheddases that control myelination in the PNS. Although BACE1-mediated shedding of NRG1 type III promotes myelination (Hu et al., 2006; Willem et al., 2006) , shedding by ADAM17 was shown to inhibit this process (La Marca et al., 2011) . This differential regulation was suggested to be due to small differences in the C termini of the NRG1 type III NTFs generated after shedding by BACE1 or ADAM17 (La Marca et al., 2011) .
Despite the proposed importance, most NRG1 type III cleavage sites have only been investigated in vitro using short recombinant peptides in cleavage assays. Moreover, although the CTF resulting from shedding is eventually turned over by the ␥-secretase, little is known about further processing of the corresponding NTF. It has been suggested that cleavage close to its N-terminal cysteine-rich TMD could release a large, soluble fragment containing the EGF-like domain (Wang et al., 2001 ). However, it remained unclear which proteases could mediate such a second cleavage event and whether the resulting soluble protein would possess signaling activity. We have now analyzed proteolytic processing of NRG1 type III in living cells to investigate whether, indeed, an sEGF domain was generated. To confirm the biological activity of such an sEGF domain, we generated a zebrafish mutant that lacks BACE1 and allows in vivo rescuing assays.
We first investigated the cleavages occurring between the EGF-like domain and the C-terminal TMD. Consistent with Montero et al. (2000) , who suggested that the region from methionine 282 to tyrosine 286 may be a site of ADAM-mediated cleavage, we now assigned the ADAM17 cleavage to alanine 283 and, to a minor extent, to phenylalanine 285. Cleavage between alanine 283 and serine 284 fits well with the substrate preference of ADAM 17, which is known to favor alanine residues at the P1 position and to cleave several substrates with serine at P1Ј (Caescu et al., 2009) . For BACE1 and ADAM10, we report cleavage sites after phenylalanine 293 and phenylalanine 285, respectively, thereby confirming previous data from assays with recombinant proteins (Hu et al., 2008 , Luo et al., 2011 . In the case of ADAM10, we also observed cleavage after tyrosine 286, which has not been reported previously. These findings demonstrate homogenous shedding of NRG1 type III by BACE1 10 residues N-terminal of the TMD and heterogeneous shedding by ADAM10 and ADAM17 at close but distinct sites 7-10 residues N-terminal of the BACE1 cleavage site. We note that the shedding sites reported here for ADAM10 (Y286) and ADAM17 (A283 and F285) differ from the sites reported by others (La Marca et al., 2011; Luo et al., 2011) . For ADAM10, the difference is marginal and may be due to the different experimental setups, namely in vitro digest of recombinant peptides (Luo et al., 2011) and cellular expression system (this study). For ADAM17, it is currently unclear why Luo et al. (2011) and we could not observe cleavage after G290 as reported by La Marca et al. (2011) . However, the fact that the cleavage site motifs of ADAM10 and ADAM17 are fairly similar to each other and that both enzymes can cleave peptides in vitro at the same peptide bonds (Caescu et al., 2009 ) support our finding of close cleavage sites for these proteases within the stalk region of NRG1 type III.
BACE1-and ADAM-mediated shedding of NRG1 type III was also detected under endogenous protease levels in primary neurons. Although we cannot compare the contribution of individual proteases quantitatively, we observed additive effects of BACE1 and ADAM inhibitors, supporting the idea that these enzymes compete for shedding in the stalk region of NRG1 type III in neurons.
In addition to the shedding events taking place C-terminal of the EGF-like domain, we observed proteolytic processing at novel sites located N-terminal of the EGF-like domain, which indicated that the EGF-like domain may be secreted. We observed liberation of the EGF-like domain from NRG1 type III by additional N-terminal cleavages in HEK cells and primary neurons generating ␣-sEGF and ␤-sEGF. Using MS and site-specific antibodies, we were able to demonstrate that BACE1 is responsible for the N-terminal cleavage generating ␤-sEGF in both cell types. Interestingly, the novel BACE1 cleavage site resembles the BACE1 cleavage site in APP with the Swedish mutation. This mutation dramatically increases the affinity of BACE1 to its substrate (Citron et al., 1992 (Citron et al., , 1995 , strongly indicating that this site may be used efficiently in vivo. In addition to BACE1, ADAM17 (but not ADAM10) was also found to cleave at another novel site close to the N terminus of the EGF-like domain, thereby generating ␣-sEGF. The detection of a similar fragment in the supernatant of primary neurons expressing NRG1 type III suggests that ␣-sEGF is generated by ADAM17-mediated cleavage in these cells as well. However, due to the lack of antibodies against the novel ADAM17 cleavage site, we currently cannot exclude an additional contribution of other ADAMs.
Both ␣-sEGF and ␤-sEGF are functionally active and induce ErbB3 receptor phosphorylation and AKT downstream signaling in MCF-7 and Schwann cells. Moreover, we demonstrated the in vivo signaling potential of ␤-sEGF as an instructive factor in the process of peripheral myelination, because ␤-sEGF was able to rescue the peripheral hypomyelination in a bace1 mutant zebrafish.
Our data are in agreement with a recent study reporting paracrine stimulation of Schwann cells and myelination by recombinant NRG1 type III (Syed et al., 2010) . However, whereas this study used a mixture of recombinant peptides comprising the entire NRG1 type III N terminus, we now provide evidence for the generation of signaling-competent, soluble NRG1 type III fragments by BACE1-and ADAM17-mediated proteolysis. Unfortunately, it is not possible to generate an N-terminally uncleavable NRG1 type III NTF, so we cannot investigate whether NRG1 type III signaling in the context of myelination occurs exclusively via the sEGF domain. However, our results, together with the data of others (Syed et al., 2010) , suggest that this novel paracrine signaling pathway may at least partially contribute to NRG1 type III signaling.
We observed a similar activation of ErbB3 and AKT in Schwann cells after stimulation with ADAM17-generated ␣-sEGF (C terminus A283) and BACE1 generated ␤-sEGF (C terminus F293). In contrast, others did not detect such activation upon stimulation with an EGF-like domain cleaved by ADAM17 (C terminus G290, La Marca et al., 2011) . Because this was attributed to the very C-terminal residues of the EGF-like domain, we sought to reconcile these controversial findings by investigating the impact of these residues on ErbB activation. However, we could not detect any difference regarding ErbB signaling between sEGF domains terminating at the identified BACE1 (F293) or the ADAM17 cleavage sites (A283 and G290). Likewise, neither C termini attributed to ADAM17 cleavage prevented rescue of the hypomyelination phenotype in a bace1
Ϫ / Ϫ zebrafish model. Moreover, in support of our findings, another study recently found no difference in ErbB activation by the membraneanchored EGF-like domain after BACE1 (C terminus F293) or ADAM10 (C terminus F285, which excludes G290) processing (Luo et al., 2011) . We currently have no definite explanation for the observed discrepancies; however, in vitro digests with recombinant peptides and enzymes imply the risk of additional cleavages that would not occur in a cellular environment. Such an additional cleavage within the EGF-like domain might abolish its signaling capacity and could partially account for the observed differences.
In summary, we have shown here that cleavage of NRG1 type III by BACE1 and ADAM17 at as-yet-unknown sites releases the EGF-like domain from its membrane anchor and allows for paracrine signaling of NRG1 type III via ErbB receptors. The proteases involved in NRG1 type III processing are major drug targets in the prevention or therapy of Alzheimer's disease and cancer (Duffy et al., 2011; Vassar and Kandalepas, 2011) . The fact that these proteases have multiple-and until now unappreciatedroles in NRG1 signaling calls for caution when manipulating their activities in the course of therapy.
